In this study, an industrial fixed-bed for mercury adsorption from natural gas, was evaluated by mathematical models. Equilibrium isotherms, kinetics equations, and adsorption models were applied to available data to evaluate sorbent characteristics, and then study bed's performance under different case studies. Models solutions are evaluated by linear-regression and coefficient of determination. The study confirmed that the system is characterized by irreversible equilibrium. Examining of kinetics equations indicated the inclusion of chemisorption and intra-particle diffusion as ratelimiting steps. Bohart-Adams model was found the best fitting model with good match between model's assumptions and available bed's information. Model prediction for bed's design-basis was examined and found good match with manufacturer's data-sheet.
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INTRODUCTION
Natural gas is one of the most important energy sources because it is a cheap and clean fossil fuel. In addition to hydrocarbons, natural gas is contaminated with different impurities such as water and acid gases. Mercury traces naturally exist in natural gas in different concentrations around the world. Although mercury exists in traces, it has severe effects on the environment and on the energy industry due to extreme toxic nature of all its compounds, so it has a considerable interest in research for efficient removal. It is primarily removed from natural gas by efficient adsorption process, and such processes have been studied and developed extensively due to its criticality. Activated carbon and silica gel were in common use in adsorption before the development of molecular sieve adsorbents particularly synthetic zeolites in the late 1950s, which lead to the potential of separation by adsorption process, and various zeolite structures have been tailored. Commercial trapping products differ in the nature of the trapping agent and/or the support material. The principle types of mercury trapping agents are elemental sulfur, metal sulfides, metal oxides, activated carbon, iodine, silver, and gold [1] [2] [3] [4] [5] [6] . Silver and gold active phases are simply based on effective amalgamation removal with regeneration potential. In mercury adsorption, the fixation of mercury in a stable form is a necessary characteristic desired in adsorbents to consider the environmental hazard of disposing the spent adsorbents after being saturated. Accordingly, some recent studies are available for adsorbents capable of keeping the adsorbed mercury fixed in stable form [7] . In addition, some studies focused on the modeling of the adsorption mechanism of mercury such as Chung et al. model, which was developed for mercury adsorption onto active sites of impregnated activated carbon [8] . Another study by Ren et al. who utilized a successful representative model considering surface equilibrium and mass transfer mechanisms to investigate mercury adsorption from flue gases by activated carbon and fly ash [9] . Also Carla et al. investigated the stable chemisorption of mercury from natural gas by using laboratory synthesized hydroxyapatites modified with copper sulfide as active sites for chemical reaction and utilized a model considering adsorption, diffusion, and chemical reaction [10] . Sasmaz et al. investigated the chemistry of mercury adsorption onto brominated activated carbon where chemisorption was found the likely mechanism [3] . Skodras et al. studied mercury and PCBs adsorption from gas phase using different types of activated carbon where they found increase in efficiency by adding impregnated sulfur active agent for chemisorption mechanism [11] . Meserole et al. studied mercury removal from flue gases in ducts by sorbent injection, and presented a theoretical model that combines sorbent characteristics (extracted from experimental results), mass transfer characteristics of the system, Freundlich equilibrium isotherm, the surface area available for sorption, and the residence time, but did not incorporate any terms to account for intraparticle diffusion [12] . Flora et al. performed studies for mercury removal from flue gases by activated carbon injection, which are similar to the previous mentioned study by Meserole et al. in work and results, but they employed a two-stage model followed by sensitivity analysis [13, 14] . Similar experimental work and modeling attempts were investigated by Chen and co-workers, Serre et al., and Scala [15] [16] [17] [18] [19] . Many other researches thoroughly deal with experimental evaluation for the capability of various adsorbents to remove effectively the mercury species [1] [2] [3] [4] [5] [6] .
Hence, chemical trapping of mercury in the form of cinnabar, a stable nonvolatile mercury ore, is the most commonly used mercury removal method for natural gas [52] [53] [54] [55] . In this work, an industrial mercury removal bed was studied by evaluating bed and adsorbents characteristics through applying equilibrium isotherms, various kinetic expressions, and various adsorption mathematical models to the available breakthrough data.
MATHEMATICAL MODELING OF MERCURY ADSORPTION UNIT
The unit is composed of only one fixed bed packed with one of the available commercial non-regenerative products for mercury adsorption. The adsorbents are metal sulfide active agents that are chemically retained within activated alumina solid carrier. The particles used are beads of 2 to 4 mm diameter range and the material has excellent surface area and porosity characteristics in addition to relatively larger pore size (>80 Angstrom) to avoid the risk of capillary condensation and eliminate the risk of deactivation by liquid phase. Adsorption of mercury can be described in two steps; the first step is the physical adsorption of mercury from the gas phase to the solid surface by low energy Van-der-Waals forces. This process is normally reversible due to weak linkage and can be considered slightly exothermic, so the equilibrium is promoted by lower temperature and high sorbate concentration. The second step is the trapping (fixation) of adsorbed mercury by chemical reaction with the active phase (agent) supported within the porous structure of particles (carrier). This process is irreversible chemical reaction, under mild conditions, due to stronger linkage involving an exchange of electrons and for this reason, the whole process is called chemisorption process [56] .
Hg + 2MS → HgS (Mercury Sulfide) + M 2 S
In order to study the dynamics of MRU bed, all available bed information and adsorbent characteristics were collected for better initial assumptions regarding the equilibrium relationship and adsorption kinetics. Then, obtained a set of breakthrough data, by personal contact, from the adsorbent manufacturer to use it in testing various known mathematical models by linear regression, and perform all possible calculations to help in studying the system. The data were obtained for two particle sizes, 4 mm and 2 mm, as the bed is packed with a range of 2-4 mm adsorbents and the breakthrough curves are shown in the following plot. 
Adsorption Equilibrium
Both Langmuir and Freundlich isotherm relationships were chosen to be applied to the available numerical data to get insight into adsorption equilibrium of the system.
Freundlich Equilibrium Isotherm
Freundlich equilibrium relationship is given by:
The Linear form is rearranged as: ln q = ln K + 1/n ln C (2.2)
Where K is equilibrium constant indicative for adsorption capacity and n is a constant representing the adsorption intensity or the degree of favorability where 1/n between 0 to 1 is indication of a favorable adsorption and 1 reduces to linear Henry law [57] .
Langmuir Equilibrium Isotherm Equilibrium relationship:
The Linear form is rearranged as: e e = s + e s (2.4) By Langmuir model, a good fit of many experimental isotherms can be achieved just by optimum selection of equilibrium constants b (equilibrium constant = K ads /K des ) and q s (saturation capacity). Higher values of b means higher adsorption rate relative to desorption rate and accordingly higher removal [58, 59] .
Adsorption Kinetics
The following kinetics equations were applied to the equilibrium data for system's kinetics evaluation by linear regression. 
Lagergren Pseudo-First Order
The kinetic expression is given by:
= (q e -q t ) (2.5) The linear form is rearranged as:
Log(q e -q t ) = log q e -.
(2.6) Where q t is mercury concentration in solid phase Kg/m 3 at time t and q e is equilibrium concentration and k is kinetic constant (1 / time unit) [60] .
Pseudo-Second Order
= (q e -q t ) 2 (2.7) The linear Form is rearranged as:
Where initial adsorption rate is h = k q e 2 , q t is mercury concentration in solid phase Kg/m 3 at time t and q e is equilibrium concentration and k is kinetic constant (m 3 /Kg-hr) [61, 62] .
Elovich's Model
The linear Form is rearranged as:
Where α is the initial adsorption rate, β is desorption constant or the relationship between the degree of surface coverage and activation energy of chemisorption, and q t is mercury concentration in solid phase Kg/m 3 at time t [63] .
Weber and Morris Model
The kinetic expression:
Where k id is diffusion rate constant = 6√D Rp √π and C intercept indicates the external film thickness, where the higher C, the higher external film effects [64] .
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The kinetic expression is given by: = n K DC t n-1 (q e -q t ) 2 / q e 2 (2.12) The linear form, with n = 0.5 as per Sutherland analysis, is rearranged as:
Where Initial adsorption rate is expressed by:
14) By plotting √ / q t versus √ , it would be linear in case of fitting the data to the kinetic expression derivation assumptions and the system kinetics can be represented by this proposed rate equation [65] .
Linear Driving Force diffusion Expression
) Where is the fractional attainment of equilibrium q/q e and k is diffusion time constant. By plotting Ln (1 -) versus t, it would be linear in case of fitting the data to the kinetic expression assumptions that the particle diffusion is the governing rate limiting step and the system kinetics is described by this proposed rate formula [66] .
Adsorption Modeling
The adsorption models were chosen based on the probability of matching the system's available information with the assumptions that were proposed to derive these mathematical models.
The following models were used to test the fitting of the breakthrough curves using relationships between time and mercury concentration in gas phase rearranged in linear forms.
Zhang and Cheng Model
This model was developed for a catalytic reaction in a fixed bed packed with carbon, and was based on the following assumptions [67] .
1. Physical adsorption with linear isotherm q = K i C (2.16) 2. Simultaneous catalytic reaction assuming first order reaction equation R = KCΦ (2.17) 3. Catalyst deactivation by covering active sites with the reaction products assuming first order deactivation function
The solution is given by:
where R is the reaction rate (Kg/m 3 -hr), K is the reaction rate constant (hr -1 ) , C is the adsorbate concentration in the gas stream (Kg/m 3 ), t is time (hr), Φ is the deactivation function (dimensionless), and K d (hr -1 ) is the deactivation rate constant. 4. Ideal plug flow with no axial dispersion 5. Isothermal adsorption 6. The continuity equation of the fixed bed is given by:
Where v is superficial velocity (m/hr), x is the distance from the bed inlet (m), ε is bed porosity (dimensionless), and q is the adsorbate concentration in the adsorbent (Kg adsorbate/m 3 adsorbent). The partial differential equation of continuity was solved using the boundary conditions:
• At x = 0, t > 0, C = C o • At t = 0, x > 0, C = 0 The following solution was obtained:
L is the length of the bed (m).
Wolborska Model
The model was developed by considering two regions in breakthrough curve where the adsorption front is migrating through the column in different ways. The model was developed to describe the low concentration region of the breakthrough curve in the range of C/C o from 10 -5 to 0.05. It was assumed that adsorption rate is controlled by the external mass transfer resistance [68] . The continuity equation is given by:
where C is the adsorbate concentration in the gas phase (Kg adsorbate/m 3 gas), t is time (s), v is the superficial velocity (m/s), q is the adsorbate concentration in the solid phase (Kg adsorbate/m 3 adsorbent), D is axial diffusion coefficient, and x is the distance from the column inlet (m). The initial condition at t = 0 is C (z,0) = 0, q (z,0) = 0.
The boundary conditions are at z = 0, C(0,t) = C o (inlet concentration), and at z = ∞, c(∞,t) = 0. By introducing new variables and rearranging then continuity equation becomes:
(2.25) and the initial and boundary conditions are C(x,0) = 0, q(x,0) = 0, C(0,τ) = C o , and C(∞,τ) = 0. The kinetic equation for external resistance is given by: (2.29) By plotting *+ # #o versus t, it would be linear in case the model is fitting the breakthrough data.
Clark Model
The model was developed based on the following assumptions:
1. Mass balance over a finite element of the bed is given by:
(2.30) Where J is the mass transfer rate per unit reactor volume (Kg adsorbate/(s-m 3 )), v is the superficial velocity of gas per unit of cross-sectional area (m/(s-m2)), A is the column cross sectional area (m 2 ), and C is the gas phase adsorbate concentration into the differential element volume (Kg/m 3 ), and z is the bed height (m).
2. Mass transfer limitations are described as: $ # < = , t 3 − 3 e (2.31) Where K t is the mass transfer coefficient in (s -1 ), and C e is the equilibrium adsorbate concentration at the gas-solid interface (Kg adsorbate/m 3 adsorbent).
3. Fruendlich isotherm for equilibrium is the governing isotherm formula. q = K C 1/n (2.32) Where K is the equilibrium constant and 1/n is the slope of the isotherm. By simplifying and rearranging, the final solution obtained by Clark becomes:
Where n does not equal one and by plotting *+[ #o # ^( n-1) -1] versus t, it would be linear in case the model is fitting the breakthrough data [69] .
Bohart & Adams Model
The model was developed based on the following assumptions [70] .
1. One trace component adsorption 2. Adsorption with simultaneous chemical reaction (Chemisorption) 3. Irreversible adsorption isotherm q = 0 at C = 0 and q = q s at C > 0 4. Ideal plug flow with negligible axial dispersion 5. Mass balance (continuity) equation for the fixed bed is given by:
(2.34) Where C is the gas phase adsorbate concentration (Kg adsorbate/m 3 gas), t is time (hr), v is superficial velocity of the gas stream (m/hr), x is distance from the column inlet (m), ε is bed porosity (dimensionless), and q is the adsorbate concentration in the adsorbent (Kg adsorbate/m 3 adsorbent) [86]. 6. Adsorption kinetics are described by quasichemical rate law given by: = 3 s − (2.35) Where q s is the saturation capacity of q that corresponds to the equilibrium condition at the gas/adsorbent interface (Kg adsorbate/m 3 adsorbent), and k is the kinetic constant. The rate of adsorption (quasichemical rate law) is proportional to the gas-phase adsorbate concentration, and to the remaining fraction of the adsorbent capacity, which still not occupied. The differential continuity equation was solved by Cooney as below [58, [71] [72] . For 4 mm particle size, best fit can be obtained for the plot of q versus C 1/n by setting 1/n < 0.05, however it was calculated as 0.1679 from the slope of ln(q) versus Ln(C), which is indicative of high favorable equilibrium (irreversible isotherm). For 2 mm particle size, best fit is obtained with 1/n = 0.0912 (n = 10.9649) as calculated from the slope of ln(q) versus Ln(C), which is indicative of also high favorable adsorption.
Applying Langmuir Isotherm
By plotting Ce/qt versus Ce, the following figures(4 ,5) indicate results of linear regression where it would be linear in case of conforming Langmuir equilibrium isotherm. Figures 6 and 7 show that the expression gives moderate fit with R 2 values of 0.9169 and 0.9462 at 4 mm and 2 mm particle size respectively. Figures 8 and 9 indicate that the expression gives poor fit with R 2 values of 0.5904 and 0.7047 at 4 mm and 2 mm particle size respectively.
Testing Pseudo-Second Order Equation

Testing Elovich's Model
By plotting q t versus Ln (t), the following figures indicate the results of linear regression where it would be linear in case of conforming to the uptake rate formula. Figures 10 and 11 show that the formula gives moderate fit with R 2 value of 0.9148 at 4 mm particle size and much better fit with R 2 value of 0.9823 at 2 mm particle size. This may indicate that the chemical reaction (chemisorption) is not the sole rate-limiting step at 4 mm size, while it might be the main ratelimiting step at smaller particles of 2 mm.
Testing Weber and Morris Model
By plotting q t versus√ , the following figures indicate the results of linear regression where it would be linear in case of fitting the data to the proposed kinetics expression. Figures 12 and 13 show that the expression gives good fit with R 2 values of 0.9786 and 0.9687 at 4 mm and 2 mm particle size respectively. This may indicate that intraparticle diffusion is a contributing rate-limiting step in both particles and more at the larger 4 mm particle.
Testing Diffusion-Chemisorption Model
By plotting √ / qt versus√ , the following figures indicate the results of linear regression where it would be linear in case of conforming the proposed rate equation. Figures 14 and 15 show that the equation gives poor fit with R 2 values of 0.7123 and 0.7567 at 4 mm and 2 mm particle size respectively.
Testing Linear Driving Force Diffusion Model
By plotting Ln (1 -) versus t, the following figures indicate the results of linear regression where it would be linear in case of conforming the proposed rate equation. Figures 16 and 17 show that the expression gives moderate fit with R 2 values of 0.9169 and 0.9462 at 4 mm and 2 mm particle size respectively with considering that does not equal 1. According to the above kinetics analysis, the most fitting kinetics equations are Elovich model for chemisorption and Weber & Morris model for intraparticle diffusion as a rate-limiting step with neglecting external film resistance. Figures 18 and 19 show that the model is not fitting the breakthrough data with R 2 values of 0.8568 and 0.9206 at 4 mm and 2 mm particle size respectively. Figures 20 and 21 show that the model is not giving the best fit to both of the breakthrough data with R 2 values of 0.9639 and 0.8972 at 4 mm and 2 mm particle size respectively. As shown in figures 22 and 23, for 4 mm particle, best fit is obtained by setting n = 5.96 as it was calculated from Fruendlich isotherm plots and R 2 value is 0.9706, while for 2 mm particle, best fit is obtained by setting n = 10.9649 as calculated from Fruendlich isotherm plots and R 2 value is 0.9035. As shown in figures 24 and 25, Bohart-Adams model indicates best fit to the breakthrough data by high R 2 values of 0.9925 and 0.9843 at 4 mm and 2 mm particle size respectively with considering that 3 does not equal 3o. Accordingly, it can be used to describe the kinetics of mercury adsorption, simulate the bed's performance, calculate predictions with different parameters, and draw concentration profiles and breakthrough curves.
Studying Adsorption Mathematical Models
Testing Zhang & Cheng Model
Testing Wolborska Model
Testing Clark Model
Testing Bohart & Adams Model
The following table summarizes R 2 values resulted from linear regression of the different models. 
Simulating Performance of Original Bed Design versus the Current Skimmed Bed
The bed is basically designed to treat a maximum of 1,350 MMSCFD feed gas flow rate contaminated with maximum of 20 µg/Nm 3 mercury concentration. The following table summarizes the bed design basis. The loading of the adsorbents actually ended at 2.48 meters bed height, and after start-up, the pressure drop across the bed increased dramatically to 2.75 bar at 1,165 MMSCFD and found that 75% of the pressure drop is concentrated across the top layer as shown in figure 28 . Figure 29 shows that, at 1,350 MMSCFD feed gas contaminated with 20 µg / Nm 3 of mercury, the model predicted breakthrough at 1,893 days (5.18 years) with bed height of 2.48 meters and 2-4 mm adsorbents, which is very close to the manufacturer data sheet. After skimming, the model predicted breakthrough at 1,458 days (about 4 years) with bed height of 1.98 meters and the same particles size.
Effect of Different Variables -Sensitivity Analysis and Case Studies
The following parameters where studied and evaluated their effects. Figure 30 shows that the smaller particle size of 2 mm exhibits much better performance and longer lifetime due to improvement of the mercury diffusivity into the active sites compared to 4 mm size by the effects of increasing surface area, decreasing pore depth, and decreasing tortuosity, which lead to decreasing Fig. 30 . Simulated Breakthrough Curves for Different Particle Sizes intraparticle diffusion resistance, and increase adsorbent capacity. The model predicted breakthrough after 5.55 years, 3.98 years, and 2.25 years by using 2 mm, 2-4 range mm, and 4 mm particles respectively. However, due to pressure drop limitations, the bed is packed with a range of 2-4 mm adsorbents to compensate between the merits of small size (better mass transfer, longer lifetime) and the disadvantages of lower crush strength, lower bed porosity, and higher dust formation which all contribute to increase the pressure drop across the bed. Figure 31 shows that the higher mercury concentration quickly propagates through the bed with saturating the adsorbents and earlier breakthrough occurs in comparison to lower concentrations. Model predicted breakthrough after 2.63 years, 3.16 years, 3.98 years, 5.34 years at inlet mercury concentration of 30, 25, 20, 15 µg / Nm 3 respectively, while breakthrough is expected after 16.5 years for concentrations below 5 µg / Nm 3 . Figure 32 shows that the effect of flow rate is similar to inlet mercury concentration where the higher flow rates quickly propagate through the bed with saturating the adsorbents and earlier breakthrough occurs in comparison to lower flow rates. Moreover, increasing the flow rate leads to decreasing contact time between gas and solid phases and accordingly reducing the available chance of mercury molecules to transport from gas phase to the surface of the sorbent, then diffuse into the pores, and react with active sites. However, only flow rates within the bed design range were evaluated by the model. Breakthrough is predicted to occur after 3.98 years, 5.06 years, 6.34 years, 8.37 years, and 10.84 years at 1350, 1100, 900, 700, and 550 MMSCFD feed gas flow rate respectively. 
Adsorbent Particle Size
Inlet Mercury Concentration
Feed Gas Flow Rate -Velocity
Bed Height
Higher bed length means two effects; the first one is much adsorbents quantity, which leads to much available adsorption capacity and accordingly longer lifetime. The second effect is increasing contact time between gas and solid phases and accordingly maximizing the available chance of mercury molecules to transport from gas phase to the surface of the sorbent and then diffuse into the pores and react with active sites. However, various bed lengths are evaluated with the maximum of 2.48 meters for original bed design due to pressure drop limitations. The model predicted breakthrough to occur after 5.17 years, 3.98 years, 2.83 years, 1.99 years, 1.17 years, and 78 days at bed height of 2.48, 1.98, 1.5, 1.15, 0.8, and 0.4 meters respectively. 
CONCLUSION
An industrial mercury removal bed was studied by evaluating bed and adsorbents characteristics through applying equilibrium isotherms, various kinetics equations, and various adsorption mathematical models to the available equilibrium data. Langmuir and Freundlich isotherms were evaluated and found the system is characterized by an irreversible isotherm that can be perfectly represented by Langmuir isotherm. The equilibrium data were additionally examined by testing six kinetics equations to get some information about the system. Elovich's model, for chemisorption, gives moderate fit with R 2 value of 0.9148 at 4 mm particle size and much better fit with R 2 value of 0.9823 at 2 mm particle size. This may indicate that the chemical reaction (chemisorption) is not the sole rate-limiting step at 4 mm size, while it might be the main rate-limiting step at smaller particles of 2 mm. Weber & Morris expression gives better fit with R 2 values of 0.9786 and 0.9687 at 4 mm and 2 mm particle size respectively. This may indicate that intraparticle diffusion is a contributing rate-limiting step in both particles and more at the larger 4 mm particle with neglecting external film resistance. Based on the results of isotherms and kinetics assessment, and for deeper analysis, four adsorption mathematical models were selected to test fitting of breakthrough curves and then apply simulation studies. Bohart & Adams model indicated best fit to the breakthrough curves by R 2 values of 0.9925 and 0.9843 at 4 mm and 2 mm particle size respectively with good match between the model's assumptions and the available bed information. Accordingly, it was used effectively to describe the kinetics of mercury adsorption, simulate the bed performance, calculate predictions with different parameters, and draw concentration profiles and breakthrough curves.
Model prediction for bed's design-basis was examined and found good match with manufacturer's data-sheet. The bed faced a problem of high pressure-drop in the beginning of operation, and then a layer of adsorbents was skimmed, so the new bed length was evaluated. The model was used to simulate the bed performance with changes in operating parameters. Different gas flow rates, inlet mercury concentrations, adsorbent sizes, and bed heights were evaluated by sensitivity analysis of different case studies. Based on simulation analysis, model prediction found that increasing the gas flow rate and the inlet concentration leads normally to faster saturation and earlier breakthrough similar to the effect of decreasing bed height (adsorbent quantity). The use of smaller particle size, of the adsorbent, increases adsorption efficiency due to improving surface area and mercury diffusivity into adsorbent pores, but the pressure drop limitations are considered in design.
Generally, the prediction results of high sorbent capacity and the historical field data of low mercury levels, which make the bed last for years of lifetime, revealed a valuable chance to improve gas treatment and maximize plant availability by optimizing bed design. A dual bed for efficient mercury removal with lower mercury bed height and added molecular-sieve layers can act as a guard to prevent occasional water breakthrough cases from the upstream dehydration beds and avoid hydrate formation in the cryogenic unit.
The justifications and advantages of this optimization chance are many and can be summarized in the following order.
Fortunately, the current feed gas resources are contaminated with mercury in the range of below 0.01 to 0.02 µg/Nm 3 concentration since years. This is much below design load and, additionally, feed gas flow rate has been below the 1,350 MMSCFD. The maximum throughput of 1,350 MMSCFD did not last for long time and the rate is declining naturally with resources depletion.
As a general idea, the bed design can be optimized by dividing the configuration into a mercury guard bed and molecular sieves guard bed. Optimizing also the particles size is a beneficial option that can help, where using lower size offers higher surface area, lower intra-particle diffusion resistance (lower tortuosity), and therefore higher adsorption capacity. This can compensate for mercury removal efficiency, but without neglecting optimum bed porosity, and particles crush strength in order to avoid the increase in pressure-drop however, the mercury bed length will decrease. This additional molecular sieves bed will act as a guard for water breakthrough cases that occur occasionally by many reasons such as process upsets in the plant, process upsets in upstream conditioning plants, problems in regeneration, high ambient temperatures in summer, and other various causes. Normally, when water breakthrough occurs, it is always a sudden condition and a proper action is taken after short time either by skipping some of regeneration time (shortening water adsorption time) or by decreasing feed gas flow rate. Such water breakthrough cases accumulate hydrate with time in cryogenic sections like strainers and exchangers until being difficult to be dissolved by methanol, and affect plant productivity, and then a dry-out operation for 24-36 hours is mandatory to remove all accumulated hydrate in the cryogenic unit. These molecular-sieves guard layers will save the high revenue losses of stopping production during 24-36 hours of regular dry-out, as the need of dry-out will be postponed for many years until saturating this guard bed. This guard is not normally loaded with water as the maximum breakthrough water content will be 0.1 -0.2 ppm(v) and last for maximum of 1 hour and occurs occasionally during the year. This proposal also protects the aluminum exchangers from all potential corrosion and stress mechanisms by other contaminants such as chlorides and acid gases that become active in presence of water. This guard also has an advantage of being not exposed to aging by hydrothermal conditions of regeneration.
Another major advantage is that eliminating the need of dry-out saves the plant and its equipment integrity. The dry-out exposes the cryogenic sections to hazardous thermal stresses affecting the integrity and safe operation of plate-fin exchangers, thermal disturbance in flanges leading to the hazard of hydrocarbon leakage cases, and danger of mercury-aluminum amalgamation appears with the operating conditions of dry-out (above mercury melting point, which is approximately -40°C).
Moreover, formed hydrate is primarily attacked by methanol injection trials, which also lead to thermal stresses in the cold-box exchangers in addition to affecting the downstream petrochemical industry by undesired catalysts poisoning effects with methanol contamination.
Generally, this proposal has the objective to work efficiently for both mercury removal up to inlet concentration of 5-10 µg/Nm 3 design basis and capturing all water breakthrough cases as a guard for years based on the maximum feed gas flow rate of 1,350 MMSCFD to improve gas treatment and maximize plant availability. 
Nomenclature
